Abstract-The interaction of rocket-triggered lightning with an airport runway lighting system has been studied. The lighting system included a buried counterpoise with attached vertical ground rods for protection of the series lighting cable from lightning. Experimental data for voltages and currents at various locations in the runway lighting system due to direct lightning strikes are presented along with the causative lightning current. The data include the first measurements of the responses of an underground bare conductor (counterpoise) to direct lightning strikes. These measurements can serve as ground truth for the testing of the validity of various counterpoise models.
I. INTRODUCTION
T HE EXPERIMENTS presented in this paper were conducted in 1997-1998 at the International Center for Lightning Research and Testing (ICLRT) at Camp Blanding, Florida (e.g., Uman et al. 1997; Rakov et al. 1998) [1] , [2] . The ICLRT is an outdoor facility that occupies an area of about 1 1 km and is located about 40 km north-east of Gainesville (home of the University of Florida). The ICLRT was constructed in 1993 for studying various aspects of lightning and lightning protection using artificially-initiated (triggered) lightning. The purpose of the experiment described here was to study the interaction of lightning with the airport lighting system shown in Fig. 1 . The system was subjected to a total of 16 lightning strikes, 12 of which contained one or more return strokes. The total number of return strokes was 47 (24 in 1997 and 23 in 1998). Lightning current injection points were (1) the pavement, (2) one of the stake-mounted lights, (3) the counterpoise, and (4) the ground directly above the counterpoise or between the counterpoise and the edge of pavement. The system was energized using a generator and a current regulator for some of the tests and unenergized for others. The total lightning current and the currents and voltages at various points on the lighting system were measured. 
II. EXPERIMENTAL SETUP

A. Runway Lighting System
The runway is located in the southeastern part of the ICLRT. The pavement is approximately 100-m long and 25-m wide and oriented east-west. The eastern one-third of the pavement is concrete, and the western two-thirds asphalt, as shown in Fig. 1 .
The lighting system includes a generator, a current regulator (CCR), both placed in the electrical vault, a buried series 6.6-A lighting cable feeding, via current transformers, five equally spaced stake-mounted lights on the south side of the runway, five equally spaced can-mounted lights on the north side, and two signs in the NE and SW corners, and a buried counterpoise placed above the cable and connected to three vertical ground rods (see Fig. 1 ). The cable is buried at a depth of about 0.4 m and at a horizontal distance of 3 m from the pavement edge, making a large loop around the runway. It is placed inside a PVC pipe on the north side and directly buried on the south side (see Fig. 1 ). The lighting cable is a single stranded copper conductor AWG 8 (diameter is 3.26 mm) covered with XLPE (crosslinked polyethylene) insulation with rated basic insulation level (BIL) of 5 kV. It conforms to the requirements of the US Federal Aviation Administration (FAA) standard AC 150/5345-7, which gives the specifications for cables to be used in lighting systems of airport runways. The counterpoise, a #6 buried bare copper wire with an outer diameter of 4.11 mm, is placed 10 cm or so above the cable (in the same trench) and conforms to the requirements of the FAA standard AC 150/5370-10, which gives [1997] [1998] the specifications for the counterpoise. The counterpoise is connected, as shown in Fig. 1 , to three vertical ground rods. Each ground rod is made of copper and has a diameter of 1.56 cm and a length of 2.4 m. Ground rods on the south and north sides of the runway are each located approximately 55 m from the ground rod at the electrical vault (see Fig. 1 ).
B. System Configurations
In the summer of 1997, three different test configurations were used, as outlined in Table I . In configuration 1, the part of the system thought to be best protected was struck, that part containing the can-mounted lights with the current transformers placed inside the metallic cans and the cable between cans being inside PVC pipe. The launcher was located at the northern edge of the concrete pavement, and lightning current was injected into the concrete pavement via a short air gap. In configuration 2, the launcher was moved from the pavement to a point on the ground centered between the northern edge of the runway and the counterpoise. A metallic cable was used to connect the launcher directly to the counterpoise, so that the total lightning current could be injected into the counterpoise. In configuration 3, the launcher was placed on the south side, off the asphalt pavement, so that it was directly over the westernmost stake-mounted light, as seen in Fig. 1 . Tests using configuration 3 were begun at the end of summer 1997, and on September 26, 1997 one flash was initiated that lowered positive charge to ground and apparently did not contain return strokes. All other flashes lowered negative charge to ground. During summer 1998, tests began with configuration 3, described above, and continued with configuration 4. In configuration 4, the stake, the light, and the current transformer under the launcher were removed from the system, while the launcher remained at the same location in order to simulate lightning strikes to the earth's surface above the cable and the counterpoise. Thus, in configuration 4, the systems contained five can-mounted and four stake-mounted lights. In the summer of 1998 tests, configuration 3 was subjected to four lightning strikes (three of them containing return strokes) and configuration 4 to two strikes, both containing return strokes. In the following, we primarily consider system configuration 4, shown in Fig. 2 , for which most of the data were obtained. A detailed description of data for all system configurations is found in Bejleri [3] . For configuration 4, we measured lightning channel current , currents at four different locations along the counterpoise ( , , , and ), currents at four different location along the cable ( , , , and ), currents in ground rods ( and ) , voltages between the cable and counterpoise at three different locations ( , , and ), voltage across can-mounted light bulb filament , as well as the voltage between the metallic stake and the light bulb filament of one of the stake-mounted lights (see Fig. 2 ). Macrodyne lightning transient recorders (LTRs) with up to a 5-MHz sampling rate and Nicolet Pro 90 digitizing oscilloscopes with a sampling rate of 10 or 20 MHz were used to measure the currents and the voltages. The 20-MHz sampling rate was used for measuring .
III. DATA PRESENTATION
We first present (in Section III-A) data for the first return stroke of Flash U9841 triggered on September 16, 1998. These data are representative of all measurements for configuration 4. Then, (in Section III-B), we present a summary of all the findings from the 1997-1998 experiments. Additional information is found in Bejleri [3] .
A. Case Study: Flash U9841, 1st Return Stroke
The data for negative flash U9841 were obtained under test system configuration 4 (see Table I and Fig. 2) . Flash U9841 produced four return strokes with peak currents of 15, 7.2, 3.8, and 11 kA. After the storm, the part of the system under the launcher was excavated and no damage to the cable was found. The counterpoise was melted at the point where the lightning attached to the system, and only two of the seven strands comprising the counterpoise remained continuous. The current transformer at the stake-mounted light close to the ground rod on the south side of the runway was found not to work properly after this flash and was replaced with a new one. The secondary cables of the damaged current transformer exhibited two pinholes and many burn marks on their surface. Selected current and voltage waveforms are shown in Fig. 3 and discussed below.
1) Total Lightning Current and Counterpoise Currents:
The total lightning current for the first return stroke has a peak value of 15 kA (see Fig. 3 ). The currents in the counterpoise at the east of launcher location , with a peak value of 8.8 kA, and west of launcher location , with a peak value of 6.0 kA, show characteristics similar to those of the lightning channel current. In particular, the risetimes are of the order of 1 s or less.
The current at the NW location increases to its negative peak value with a rise time similar to that of the total lightning current. Then, the current exhibits a plateau, which lasts approximately 12 s, followed by a rapid decay to zero, with an overall pulse duration of 40 s.
The current waveform at the south of the runway location , initially exhibits an increase to its negative peak value of 2.6 kA with a rise time similar to the total lightning current risetime and decays similarly to the current measured at the east of launcher location. Current in ground rod at the south location has a negative peak of 200 A, rise time of 0.6 s, and accounts for only 1.3% of the total lightning current. , is recorded with a sampling interval of 50 ns. The voltage has a positive peak of 40 kV and a negative peak of 9 kV. The voltage reaches a positive peak in 150 ns (the cable has a higher potential than the counterpoise) and then a negative peak (the counterpoise has a higher potential than the cable). The time interval between the positive and negative peaks is 50 ns, equal to the sampling interval, so that the actual voltage peaks are likely to be higher. The voltage waveform has a duration of only 200 ns. The voltage between the cable and the counterpoise at the NW location has a negative peak of 68 kV. The voltage waveform reaches its negative peak in 200 ns (the counterpoise has a higher potential than the cable) and has a duration of only about 3-4 s.
B. Overall Results, 1997-1998
1) Current Decay Along the Counterpoise: When lightning struck a stake-mounted light or directly struck the counterpoise, 10 to 30% of the total lightning current was dissipated locally, within 3 m of the strike point (from measurements made at a distance of 3 m on either side of the strike point), while 70 to 90% was carried by the counterpoise further away from the strike point. Measurements of the counterpoise current at four different locations (two on each side of the strike point) made it possible to estimate that about 63% of the current detected 3 m from the strike point was dissipated in the ground after propagating along 50 m of the counterpoise, and about 73% of the current detected 3 m on the other side from the strike point was dissipated in the ground after propagating along 67 m of the counterpoise. The average percent current decay rate is about 1% per meter, independent of the peak current at the origin (peak current measured 3 m from the strike point), as illustrated in Fig. 4 . The current waveshape changes as the current wave propagates along the counterpoise: while the rise time remains more or less the same, a plateau or a broad maximum, not seen in the total lightning current waveform, is observed at distances of 50 and 67 m. The plateau duration is approximately between 10 and 50 s. In some cases, when the lightning current is smaller than 10 kA, current waveforms do not exhibit the plateau.
2) Currents in Ground Rods: During experiments with configurations 1 and 2, the entry point of current in the counterpoise was about 12 m from the north ground rod. In this case, the current through the ground rod was as high as 1 to 2 kA, accounting for 10 to 15% of the total lightning current.
During experiments with configurations 3 and 4, the entry point of current in the counterpoise was about 36 m from the south ground rod. Shown in Fig. 5 are the waveforms of the lightning channel current and the current through the ground rod for the first return stroke of Flash U9841. In this particular case the current through the ground rod accounts for approximately 1.3% of the lightning channel current (peak values). For all the lightning strikes 36 m from the south ground rod, the maximum value of current leaving the system through this ground rod was about 300 A, which was less than 5% of the total lightning current. The ground rod current waveform has approximately the same risetime as the lightning current but it has shorter duration. This suggests that the ground rod is a better path than the counterpoise for the higher frequency components in the current. Rakov et al. [4] , who also observed very different current waveshapes in different parts of their test system, recommend charge transfer as a better quantity (than the peak current) for the examination of lightning current sharing in the system.
3) Cable Currents:
From the data recorded, it appears that the current flowing in the counterpoise induces current in the cable. The largest currents in the cable are observed near the current injection point.
4) Lightning Damage to the System: Several elements of the test airport runway lighting system sustained damage caused by one or more lightning strikes. The damage includes: 1) failure of one of the electronic boards of the CCR; 2) minor damage to the light fixture and to the glass cover of the light bulb of the stake-mounted light under the launcher; 3) multiple burn marks on the surface of the secondary cable of the current transformers (at the strike point and at distance of 36 m from it); 4) pinholes on the secondary cable of the current transformer; and 5) melting of the counterpoise conductor at the point where the lightning attached to the system. No evidence of direct lightning current injection into the cable or flashover to the cable from the counterpoise was found, but they definitely cannot be ruled out.
IV. CONCLUSION
When lightning strikes a stake-mounted light or directly strikes the counterpoise, the counterpoise carries the bulk of the total lightning current away from the strike point. The current flowing in the counterpoise decays at a rate of about 1% per meter. Vertical ground rods connected beyond several meters from the strike point dissipate a relatively small fraction of the total lightning current. Currents in the vertical ground rods exhibit considerably narrower waveforms than the injected lightning current.
